Explosive opening is an important process for pollination of Mucuna flowers. It is generally triggered by an animal pollinator specific to each Mucuna species. Although Mucuna macrocarpa has been reported to be pollinated by a nectar-eating bat, the distributional ranges of this plant and that of the nectar-eating bats do not overlap completely. Previous research suggested that this plant could be pollinated by other species depending on the region. In Taiwan, where nectar-eating bats are absent, 2 species of squirrels (Callosciurus erythraeus and Tamiops maritimus) and masked palm civets (Paguma larvata) were recorded as explosive openers. Of these 3 species, C. erythraeus was the most frequent and successful visitor-it opened the flowers in the same manner as nectar-eating bats. The other 2 species successfully opened only a few flowers and were therefore less effective pollinators. However, these opened flowers were subsequently visited by several insects, suggesting that the actions of the mammalian pollinators might have contributed to pollen transfer. Our data indicate that explosive openers of M. macrocarpa are not highly specialized and vary among the regions depending on the local fauna. Hence, this species, characterized by the explosive opening mechanism, is pollinated by different mammal species and insects in different regions.
It is estimated that approximately 87.5% of angiosperms are pollinated by animals (Ollerton et al. 2011) . Plants pollinated by specific animal species have evolved various pollination mechanisms to restrict the pollinator and secure successful and efficient pollination through adapting floral characteristics such as shape, size, and structure (e.g., Campbell et al. 1996; Anderson and Johnson 2008; Boberg et al. 2014 ). Additionally, they may attract specific pollinators using visual signals, chemical products, and in the case of bats that employ echolocation, identifiable shape (e.g., Stanton et al. 1986; Knudsen and Tollsten 1995; von Helversen and von Helversen 1999) . Many plant species also produce a reward for the pollinator, such as nectar or pollen (Willmer 2011) .
Most animal-pollinated plant species are pollinated by insects, although some are pollinated by birds or mammals (Devy and Davidar 2003) . Among them, the distributional ranges of plants that are strongly dependent on pollination by specific animals can be limited by the distributions of their pollinators. Therefore, a plant that is successfully pollinated by a mammal in the tropics, where species diversity is high, may not be pollinated in other regions. However, pollination success has never been discussed with reference to the overlap in distributions of mammal-pollinated plant species and their pollinators.
Mammal-pollinated plants tend to have large sturdy flowers; those pollinated by bats have flowers that open at night, lack color, are rich in nectar, and release strong fruity or fermenting scents (Faegri and van der Pijl 1979; Willmer 2011) . A large amount of nectar in mammal-pollinated flowers may attract nontarget species, which are not as effective pollinators or may damage floral structures (Kobayashi et al. 2015a) . Moreover, recent research has suggested that the floral characteristics of some bat-pollinated species do not conform to the expected pattern (Rivera-Marchand and Ackerman 2006; Muchhala et al. 2009 ). Therefore, it is necessary to observe the behavior of visitors to flowers of plants pollinated by mammals in order to identify potential pollinators.
The genus Mucuna Adans. (Fabaceae) includes over 100 species distributed mainly in tropical and subtropical zones (Schrire 2005 ). This genus is characterized by large flowers and an explosive opening mechanism that limits the number of possible pollinator species. When the animal (explosive opener) pushes up the banner petal of the flower, the stamens and pistil are exposed from the hard carina. At the same time, the explosive opener forages on nectar that is located inside the calyx and offered as a reward. Small animals (insects) cannot open these flowers; this activity is restricted to larger animals like nectar-eating bats or birds. When a flower is successfully opened, a considerable amount of pollen attaches to the head or neck of the explosive opener, and thus the explosive opener is considered an effective pollinator (van der Pijl 1941; Baker 1970; Hopkins and Hopkins 1993; Sazima et al. 1999; von Helversen and von Helversen 2003; Agostini et al. 2006) .
Mucuna macrocarpa Wall. is distributed from Southeast Asia to Kyushu, Japan (Fig. 1; Tateishi and Ohashi 1981; Wilmot-Dear 2008; Wu et al. 2010) , with fruit set being observed in almost all areas. On Okinawa-jima Island, this species is pollinated by the Ryukyu flying fox (Pteropus dasymallus Temminck, 1825; Toyama et al. 2012) . In Kyushu, at the northern limit of M. macrocarpa and where flying foxes are absent, the Japanese macaque (Macaca fuscata [Blyth, 1875] ) and, to a lesser extent, the Japanese marten (Martes melampus [Wagner, 1840] ) act as explosive openers (Kobayashi et al. 2015a) . Both the Ryukyu flying fox and the Japanese marten manipulate the flowers in a similar manner: they hold the wing petal of the flower and then expose the stamens and pistil by pushing the banner petal with their snouts. In contrast, the behavior of the Japanese macaque is quite different-it opens the flower with its hands, although it also frequently picks the flowers to feed on nectar. After the flowers of M. macrocarpa have been opened by mammals, they are visited by several smaller animals (secondary visitors), as observed by Toyama et al. (2012) and Kobayashi et al. (2015a) on Okinawa-jima Island and Kyushu.
Previous research conducted on Okinawa-jima Island and Kyushu has shown that the pollinators of M. macrocarpa vary by area (Toyama et al. 2012; Kobayashi et al. 2015a ). Furthermore, Johnson (2010) suggested that a shift in pollinators is common in peripheral populations of plants. Given the limited areas covered in these studies, the objectives of the present work were: 1) to identify visitors to flowers and explosive openers of M. macrocarpa flowers in Taiwan, which is centrally located within its range but lacks nectar-eating bats; 2) to describe the behavior of the primary visitors to flowers and compare these behaviors with those observed on Okinawajima Island and Kyushu; and 3) to determine secondary visitors to flowers and their behaviors.
Materials and Methods
Study sites.-This study was conducted in Taiwan where M. macrocarpa is widely distributed and fruiting has been observed throughout the country (Ohashi and Tateishi 1976 ). There were 4 study sites ( Fig. 1) : mountainous natural forest area at middle to high elevation (500-1,100 m asl) in Baling, Fuxing, Taoyuan (24°38-41′N, 121°22-25′E); natural forest area at middle elevation (400 m) in Xihu, Sanyi, Miaoli (24°23′N, 120°45′E); natural forest area at low elevation (30 m) in the Nanjenshan Reserve, Manzhou, Pingtung (22°06′N, 120°52′E); and anthropogenically managed forest with a patchy distribution of M. macrocarpa at low elevation (248 m) in Hengchun Tropical Botanic Garden, Kenting, Pingtung (21°57′N, 120°48′E) .
Video camera traps.-Video game cameras (Acorn 5210A and Acorn 5210A940; Shenzhen Ltl Acorn Electronics Co., Ltd., China) were used to record mammalian and avian visitors. These cameras were set in each area during the flowering season. In total, 19 cameras were set in Baling in March and April 2014 and 2015; 5 cameras were set in Xihu in April 2014; 1 camera was set in Nanjenshan in March 2015; and 11 cameras were set in Kenting in March 2015. The recording mode was set for 30-s video clips with no interruption between clips, and sensitivity set to normal (Kobayashi et al. 2015a) . Cameras were in place until the inflorescence with flowers disappeared (at least 2 days). A total of 231 inflorescences (2,305 flowers) were monitored in Baling, 30 (161 flowers) in Xihu, 3 (49 flowers) in Nanjenshan, and 41 (976 flowers) in Kenting. Fifty flowers in 12 inflorescences in Baling, 8 flowers in 5 inflorescences in Xihu, and 86 flowers in 8 inflorescences in Kenting had already opened when the cameras were set.
We calculated flower visitation rate (VR) as VR = (number of inflorescences visited by each visitor/number of targeted inflorescences) × 100. To account for visitors to flowers that are not explosive openers, we calculated the explosive opening rate of the inflorescence (EOR) as EOR = (number of inflorescences with flower opened by each visitor/number of targeted inflorescences) × 100.
The behavior of animals visiting flowers was divided into 6 categories based on effect (Kobayashi et al. 2015a ): 1) explosive opening with no damage to the flower (i.e., successful opening); 2) explosive opening but the flower dropped (pollen transfer may still occur [Kobayashi et al. 2015a] ); 3) visiting an opened flower; 4) nectar robbed from an unopened flower; 5) destruction of the flower (tearing off, biting, or dropping) without opening; and 6) other behavior, such as just touching a flower. In addition, as suggested by Toyama et al. (2012) , when a flower was opened explosively in a manner similar to that performed by the Ryukyu flying fox, the direction of face insertion into the flower was recorded as right-side up (Fig. 2a) , sideways, or upside down (Fig. 2b) . Direction of face insertion determines position of pollen attachment.
A chi-square test using Cochran's rule (Cochran 1954 ) was used to compare the VR among study sites, behaviors on flowers among study sites and among species, and to compare face directions of explosive openers. When expected frequency was less than 5 in more than 20% of the cells, the frequencies other than "explosive opening with no damage to the flower" were summed as "explosive opening and no damage to the flower."
Time-lapse photography.-To record secondary visitors to flowers, time-lapse photography was performed in Baling in 2014 and Kenting in 2015. Digital cameras with a timelapse function (WG-1; Pentax, Japan) were set to capture an image every 10-s. Two inflorescences with 6 opened flowers and 7 inflorescences with 37 opened flowers were targeted at each location. In total, 3,586 images during 33.0 h of operation (mean ± SD: daytime: 4.3 ± 1.3 h/flower; night time: 1.5 ± 0.0 h/flower) were obtained in Baling and 12,168 images during 10.1 h of operation (daytime: 4.0 ± 1.9 h/flower; night time: 3.8 ± 1.1 h/flower) were collected in Kenting. We complemented the time-lapse photography with occasional direct observations of flower visitors. (Figs. 3a-e) . The mix of visitors to flowers differed among study sites, but red-bellied squirrels always had the highest VR (48.5% in Baling and 100% at other sites; Table 1 ). However, the total VR was significantly lower in Baling (58.9%) than elsewhere (χ 2 3 = 44.20, P < 0.001). Red-bellied squirrels, Formosan striped squirrels, and masked palm civets successfully opened flowers explosively (Table 1) . Red-bellied squirrels opened flowers explosively at all sites and were generally successful in opening all flowers of the inflorescence (Supplementary Data SD1) . By contrast, Formosan striped squirrels were present only in Baling and opened flowers with minimal success. Masked palm civets only opened flowers in Nanjenshan, although they visited flowers in Baling. When red-bellied squirrels co-occurred with another potential pollinator, the EOR for this squirrel was higher than that of the other species.
Flower-visiting behavior.-Red-bellied squirrels opened flowers at all sites (χ 2 3 = 22.25, P < 0.001) in a manner that generally did not dislodge flowers (Fig. 4) . Red-bellied squirrels held the wing petals, inserted their snout into the gap between the wing and banner petals (Fig. 3a) , and finally pushed up the banner. If an inflorescence hung down from a horizontal vine, the squirrel suspended itself from the vine and turned the flower to a fixed position (Supplementary Data SD2) . In most cases (96%, n = 339), face insertion was right-side up (χ 2 3 = 552.90, P < 0.001). As a result, the anthers and stigma came into contact with the squirrel below the jaw and on the neck, with subsequent adhesion of pollen (Fig. 3a) . Occasionally, redbellied squirrels picked a flower and fed on its nectar without opening it (Fig. 4) .
Although Formosan striped squirrels were observed in Baling, only 2 flowers were opened by this species. Frequency of successful opening was lower than the frequency of other behaviors (Fig. 4) . Formosan striped squirrels sometimes inserted their faces into the gap between the wing and banner petals, but their heads were too small to successfully push up the banner (Fig. 3b) . The face was always inserted into the flower right-side up as done by Formosan striped squirrels (n = 2). More frequently, Formosan striped squirrels exhibited "nectar robbing" by either licking the nectar from a gap in the basal part of the flower between the banner and wing petals without opening the flower or by making a hole in the calyx (Fig. 4) .
Explosive flower opening by masked palm civets was observed only in Nanjenshan, although they were present and were observed to visit flowers in Baling (Fig. 4) . Their behavior was similar to that of red-bellied squirrels (i.e., while holding the wings of the flowers, they pushed their snout into the gap between the wing and banner petals, pushing the banner petal up). Although the face was inserted into the flower in a similar direction to that used by red-bellied squirrels (face right-side up in 2 of 3 observations), the frequency of explosive flower opening by masked palm civets was low. The anthers and stigma came into contact with the civet below its jaw. However, the masked palm civet had difficulty holding the flowers, and it generally took more than 20 s before the animal could insert its snout. In Nanjenshan, masked palm civets explosively opened 3 flowers compared to 36 flowers opened by red-bellied squirrels (Fig. 4) .
Spinous country rats and Formosan rock macaques were observed to visit flowers in Baling and Kenting but they did not open them (Fig. 4) . Spinous country rats visited opened flowers to obtain nectar, but rarely came into contact with anthers and stigma. In addition, they frequently picked flowers from an inflorescence and consumed nectar by biting the calyx or making a hole in the calyx. When Formosan rock macaques visited opened flowers, they fed mainly on stamens and pistils, and when visiting unopened flowers, they foraged on nectar by biting into the calyx. They never consumed entire flowers.
Visitors to flowers detected by time-lapse photography.-We observed that anthers and stigmas came into contact with the bodies of honeybees (Apis cerana Fabricius, 1793), bumblebees (Bombus spp. Latreille, 1802), ants (Formicidae spp.), and nocturnal moths (Noctuidae spp.) in Baling, and with honeybees, ants, and a tortricid moth (Tortricidae sp.) in Kenting (Table 2) . Honeybees sometimes collected pollen (Fig. 3f) and the stigma often brushed the body of the insect, receiving the pollen. Time-lapse photography did not show anthers and stigmas coming into contact with the bodies of bumblebees, but we did observe this behavior directly. A tortricid moth was detected in 8 images. However, in these sequential images, the insect stayed on the same flower parts, indicating that it was a single individual. Several species of insects, spiders, and geckos were observed to visit the flowers, but the anthers and stigmas did not come into contact with their bodies. . Three mammals (red-bellied squirrels, Formosan striped squirrels, and masked palm civets) opened the flowers of M. macrocarpa in Taiwan, with the redbellied squirrel being the most frequent opener at all study sites. A large amount of pollen was attached on the lower jaw or neck of the 3 mammals when they opened the flowers. However, the VR of the Formosan striped squirrel and masked palm civet were low. Therefore, red-bellied squirrels are likely the most effective pollinator of M. macrocarpa in Taiwan. In addition, although other Mucuna species rely on specific pollinators (van der Pijl 1941; Baker 1970; Hopkins and Hopkins 1993; Sazima et al. 1999; von Helversen and von Helversen 2003; Agostini et al. 2006) , M. macrocarpa appears to be pollinated by several kinds of mammals depending on the region and its fauna, as indicated by the presence of different pollinators on Okinawa-jima Island and in Kyushu (Toyama et al. 2012; Kobayashi et al. 2015a) .
The benefit for the plant pollinated by diurnal sciurid species might be high frequencies of visits and that by nocturnal species might be long-distance movement of pollen (Yumoto et al. 2000) . In this study, no nocturnal sciurids visited M. macrocarpa flowers whereas the diurnal red-bellied squirrels visited many flowers. However, home range size of diurnal squirrels is generally small-for example, that of red-bellied squirrels is 1.40 ± 1.08 ha for males and 0.28 ± 0.11 ha for females (Tamura et al. 1989 ). Thus, red-bellied squirrels are unlikely to contribute to long-distance dispersal of pollen. Because the minimum patch size of a single individual of M. macrocarpa in Kyushu is estimated to be about 0.3 ha (Kobayashi et al. 2015b) , the home range of a red-bellied squirrel does not always include 2 individuals of M. macrocarpa. Thus, the frequency of crosspollination might be low.
Formosan striped squirrels rarely opened flowers of M. macrocarpa, possibly because of their small size (Qi 2008 In Kyushu, the frequency of flower opening by Japanese martens, which are explosive flower openers of M. macrocarpa, is significantly lower than that of the major explosive opener, Japanese macaques (Kobayashi et al. 2015a) . Japanese martens and masked palm civets opened the flowers in a similar manner. They are not truly arboreal carnivoran species, although they can climb trees or vines (Arai et al. 2003; Dudgeon and Corlett 2004; Shek 2006) . In general, they are omnivores that feed on plants, including nectar (Asahi and Okuhama 1971; Tatara and Doi 1994; Wan 2009; Ohdachi et al. 2015) . Two other characteristics limit the flower-opening ability of these 2 species. First, they handle flowers awkwardly and frequently fail to open flowers. Second, although their heads are similar in shape to major explosive openers of M. macrocarpa (red-bellied squirrels in Taiwan and Ryukyu flying foxes on Okinawa-jima Island), their heads are a little larger than those of major openers, so head size may not fit to the flower. As a result, they are not effective pollinators although masked palm civets and Japanese martens are capable of opening M. macrocarpa flowers.
Although the mammalian explosive openers differed among the 3 study sites, their modes of opening M. macrocarpa flowers were similar. In all cases, the animals held the wing petals and opened the flowers by pushing up the banner petal with their snout. The direction of face insertion into the flower was consistent among all explosive openers. In contrast, the Japanese macaque in Kyushu opened M. macrocarpa flowers by pulling on both wing petals simultaneously, although it would pick some of the flowers from the inflorescence and throw them to the ground (Kobayashi et al. 2015a) . Unlike the other 5 mammals, Japanese macaques destroy some flowers. Nevertheless, the various behaviors of mammalian explosive openers are assumed to have a small disruptive effect on the pollination of M. macrocarpa because fruits were observed in all previous study sites, indicating successful pollination.
Various insects visited opened flowers on Okinawa-jima Island and in Kyushu and Taiwan. Those insects include an introduced bee (Apis mellifera Linnaeus, 1758) on Okinawajima Island (Toyama et al. 2012) , 2 native bees (a honeybee, A. cerana, and a bumblebee, Bombus ardens Smith, 1879) in Kyushu (Kobayashi et al. 2015a) , and honeybees (A. cerana), bumblebees (Bombus spp.), ants (Formicidae spp.), and moths (Noctuidae spp. and Tortricidae sp.) in Taiwan. All bees had been observed to collect pollen from M. macrocarpa flowers. Secondary visitors to flowers in Taiwan might transfer pollen if their body comes into contact with the anthers and stigma, as had been proposed for populations on Okinawa-jima Island and Kyushu (Toyama et al. 2012; Kobayashi et al. 2015a) . Honeybees act as pollinators of many plant species (e.g., Jhajj and Goyal 1979; Verma and Partap 1994) and, among the secondary visitors, are probably the most effective pollinators of M. macrocarpa in Taiwan. Honeybees can remember the location and characteristics of flowers and fly up to 2 km (e.g., Dyer and Seeley 1991; Menzel 2001) , thus aiding in long-distance dispersal of pollen and cross-pollination of M. macrocarpa. Dispersal distances of honeybees are thus greater than those of red-bellied squirrels in Taiwan. Crosspollination in M. macrocarpa could be achieved by relying not only on squirrels but also on secondary visitors to flowers. This pollination system might be a compensatory system in plants whose pollination success depends on nonflying mammals with narrow home ranges.
Although several plants are known to be pollinated by nonflying mammals (reviewed by Carthew and Goldingay 1997) , this is the 1st record of a mammal-pollinated plant visited by different pollinators in different regions. Many mammal-pollinated plants, mainly those pollinated by bats, are found in tropical regions (Fleming and Kress 2013) . In contrast, M. macrocarpa is distributed widely from tropical to temperate zones, and it is unique among mammal-pollinated plants for being pollinated by different flying or nonflying mammals depending on the fauna of the region. Because the main distributional range of nectar-eating bats is tropical, a plant distributed outside the tropics requires pollinators other than bats. In addition, to utilize various mammals as pollinators, a plant should evolve flower traits that result in common behavioral pattern in animals as opposed to acquiring species-or group-specific traits.
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